The total sputtering yields of gold and silver targets bombarded by Au n (n = 1-13) clusters have been measured over a broad range of incident energy per atom (from 20 keV/atom to 5 MeV/atom). Large nonlinear effects in the sputtering yields were observed. For silver targets yield values as high as ~20 000 atoms per impact of Au 13 at 1.2 MeV (92 keV/atom) were measured while only 45 atoms are emitted from the same target in the impact of single gold atoms at the same energy per atom. The sputtering yield variation with incident projectile energy per atom shows that maxima occur at 250 keV/atom for gold target and 150 keV/atom for silver target whatever the projectile size. In both cases the maxima of nuclear stopping power are at much larger energy per atom (700 keV for Au on Au and 550 keV for Au on Ag). Large surface deformations with crater and rim are observed by atomic force microscopy at the surface of cluster irradiated targets. Their number per unit area corresponds to the irradiation fluence. They demonstrate that a large amount of matter can be ejected per impact.
I. Introduction
Polyatomic projectiles bombarding solids give rise to various effects: crater formation, material modifications, secondary emission with yields (ions, neutrals) which are much larger than if induced by the same number of constituents arriving individually. Usually called nonlinear, these effects were first observed more than twenty years ago in sputtering. 1, 2 Earlier data were summarized and discussed shortly before the present measuring series started. 3 Recently the total sputtering yield of a gold target bombarded by gold clusters Au n (n = 1-5) was measured over a large incident energy range from 20 to 5000 keV per atom. 4 Sputtering yields as high as 3000 were found to be related to a dense energy deposition in the target through collisional nuclear processes. Unfortunately a few experimental yield values measured with Au 4 and Au 5 projectiles, between 100 and 200 keV/atom were overestimated and let us claim that the sputtering yield maxima were situated at a fixed total energy and not at the same energy per atom. The present paper is a continuation of the work of Ref. 4 . Beams of large size gold clusters (up to Au 13 ) with higher intensities were used at both the Institut de Physique Nucléaire de Lyon (IPNL) and the Institut de Physique Nucléaire d'Orsay (IPNO) for systematic sputtering yield measurements from gold and silver surfaces.
II. Experimental
The gold cluster beams were mainly produced by a 2.5 MV Van de Graaff accelerator located at IPNL. This accelerator is equipped with a liquid metal ion source 5 installed in the high voltage terminal of the machine and produces beams of gold clusters accelerated to total energies from 300 keV to 1.4 MeV. 6 A magnet at the exit of the accelerator is used to select the chosen Au n + cluster, with n from 1 to 13. As the magnet deflects the heavy gold clusters at a very small angle only, a 6 m long beam tube has to be used to sufficiently separate the desired cluster from the others. The maximum bending power of the magnet permits to deviate Au 13 + ion beams having a total energy of 1.4 MeV at an angle of 3°. Above a total energy of 1.4 MeV, the cluster beams were delivered by the IPNO 15 MV tandem accelerator, which is also equipped with a liquid metal ion source in the high voltage terminal. Therefore the residual gas pressure must be maintained below 10 -4 Pa to avoid fragmentation. To test the possibility of neutralization, a sputtering yield measurement was performed during deflection of the charged beam for a time 10 times larger than usually necessary. No frequency variation of the quartz micro-balance was observed during that test experiment.
Our data contain measurements made with the old 4 and the present set-up and no systematic differences may be discerned. Within the experimental errors, estimated to be lower than 15%, our data are in agreement with previously published ones, obtained with gold, 10 lead 2 and bismuth 11 projectiles respectively onto gold targets.
Gold was first chosen in Ref. 4 in order to maximize the expected nonlinear effect and in order to avoid problems of target contamination by the incoming beam. The second surface chosen in the present experiments was silver. Although it has different mass, stopping power (for gold projectiles), density and surface binding energy than gold, the ratio of the nuclear stopping power over the surface binding energy was roughly the same as for gold. Table I and Table II show the experimental sputtering yields divided by the number of constituents of the Au n + (n = 1-13) gold cluster projectiles for gold and silver targets respectively.
III. Results and discussion

A. Sputtering yields as a function of projectile size and energy
These values are presented in Fig (± 1200) silver atoms sputtered per impact of 1200 keV Au 13 , and 14 300 (± 1300) gold atoms per impact of 1400 keV Au 13 . These sputtering yields are the highest ones ever obtained on metals.
The silver sputtering yields are, for given cluster size and velocity, always larger than gold ones. This is not surprising if considering the gold surface binding energy (3.78 eV) which is larger than the silver one (3.04 eV).
For n = 1, yield variations as a function of energy present a maximum at roughly the same energy as the maximum of the nuclear stopping power at surface, ~700 keV and ~550 keV for gold onto gold and silver targets respectively (calculated with the SRIM2000 code). 12 For n values between 2 and 5, the yield curves have their maximum at the same projectile energy per atom, ~250 keV/atom for gold and ~150 keV/atom for silver, which are smaller than for the maximum of nuclear stopping power as given above. It was not possible for n larger than 5 to measure experimental values at energies per atom sufficiently high to reach the expected maximum yields, because of the limited energy range of the IPNL Van de Graaff as well as the limited beam intensity at the IPNO Tandem.
In order to highlight the strong increase of the experimental yields with increasing projectile size, Fig. 4 shows the variations of Y/n 2 as a function of the energy per atom. It is clear from this figure that above n = 2 (gold) and 3 (silver), all the sputtering yields roughly scale with n 2 and that the yields increase more rapidly than n 2 between n = 1 and 2 and between n = 2 and 3.
B. Target surface modifications and volume ejected
A Au 11 cluster projectile having a total energy of 1.4 MeV (127 keV/atom) close to the maximum of the sputtering yield, ejects 12 500 ± 1700 gold atoms from a gold target. This number corresponds to a volume of ~2.1. 
C. Sputtering yields as a function of nuclear stopping power
Fig . 6 shows total sputtering yields (not divided by n) as a function of the total nuclear stopping power at the surface (for the incident projectile energy per atom E/n). The electronic energy loss is not considered at all despite it amounts more than 20% of the total energy loss at the highest energies investigated. The stopping power, easy to calculate using SRIM tables, has been used. It is assumed that the nuclear stopping power of a Au n + cluster is n times the nuclear stopping power of a single Au + ion at the same velocity. For a n constituent cluster projectile having a total energy E the notation is the following:
This assumption is in agreement with theoretical estimates 13 and supported by recent projectedrange measurements. 14 Gold clusters Au n (n = 1-3) at 10-40 keV/atom were implanted in Si, Al and Cu. The Si target was amorphous, the metal targets fine grained polycrystalline. Further, one set of measurements was performed with 44.3 keV/atom Au 1 and Au 7 in Si (amorphous). These range distributions were in all cases identical within their measuring accuracy.
For each cluster projectile size shown in Fig. 6 the total sputtering yields follow a line of slope 2 on a log-log presentation, as long as the energy remains below that of the yield maxima, indicating that in this region the yields are proportional to the square of the total nuclear stopping. Fig. 6 also clearly shows that there is a region where the stopping still increases with energy, while the yields decrease with increasing energy. In this region the proportionality to
These "hooks" in the curves demonstrate that there is no simple relation between the sputtering yields and the nuclear stopping power at surface. Similar curves have already been observed in the electronic stopping power regime 15 An effect of the projectile velocity appears, as slow projectiles induce larger yields than fast projectiles, although having same values of
. . In the present case of cluster bombardment and with the assumption of a nuclear stopping power proportional to the cluster size n, the sputtering yields should be proportional to n 2 and n in the two domains of energy deposition respectively. This predicted change could be connected in the present experiments to the fact that maxima of sputtering yields occur at velocities below those of the maxima of dE/dx, due to a maximum of energy deposition inside a cylindrical track.
D. Comparisons with molecular dynamic simulations
E. Comparison with thermal spike models
The thermal spike theory of Sigmund and Claussen 22 was discussed in Ref. 4 . In their model the sputtering yield is assumed to be the sum of the well established linear collision cascade yield 23 plus a contribution from a thermal spike induced surface evaporation. The calculated linear yield (which contains no free parameters) fits existing yield data for Au on Au and Ag very well at energies far above and below the maximum of the nuclear stopping power but underestimates the data in the region of the maxima of the sputtering yield and of nuclear stopping power. 3, 10 For lighter particles and/or targets the linear yield is predicted very well indeed over the entire energy region. 24 The thermal spike in the model is assumed to be cylindrical, perpendicular to the surface and infinitely long in the version of the theory that we apply here. During evaporation from the surface, the spike is cooled through heat conduction to the sides and the yield is obtained through an integration of the temperature-dependent evaporation over time. Sigmund then to obtain the necessary break in the proportionality between the sputtering yields and the nuclear stopping power, ρ 0 could be treated as a fitting parameter increasing with both cluster size and energy and a model that could predict these spike radii as a function of cluster size and velocity is needed within the framework of this spike model.
Other analytical theories are due to Bitensky, 26 Urbassek and Michl 27 and Jakas and Bringa. 28 Bitensky treats the influence of fluctuations on the onset of the spike. His theory is thus not relevant for large-cluster impacts, where we have full n 2 -scaling and each event gives rise to a crater. Urbassek and Michl treats a gas flow model that may not be ruled out based on the present measurements. The model does, however, lead to a rather narrow angular distribution of the sputtered material which is in disagreement with recent results of Andersen et al. 29 Finally, Jakas concluded that at large deposited energies the thermal pressure in the hot core of the spike gives rise to an elastic wave, which expands laterally and cools the spike, lowering the sputtering yield.
A process of that kind could explain why the experimental sputtering yield maxima are reached at energy per atom lower than for the maximum nuclear stopping power.
IV. Conclusion
Following a series of previous measurements 4 on sputtering of Au targets with limited size of Au n clusters (n = 1-5), new measurements over a broad projectile energy interval have been pursued with large cluster size (up to n = 13) and with both gold and silver targets. It is observed that for clusters with n ≥ 3 all the sputtering yields are proportional to the square of the number of constituents and have their maxima at the same energy per atom which is much smaller than the energy of the maximum of the nuclear stopping power.
The sputtering yield values that have been measured are the largest ever observed with metallic targets and could not be predicted by theoretical models in the energy range investigated. The thermal spike model may be used to estimate the sputtering yield provided the variation of the track radius parameter values with energy and cluster size is known.
Hydrodynamic effects are not considered in the spike model but it is likely that they play a role as shown in molecular dynamic simulations that we have shortly discussed. At high energies such simulations with large size clusters cannot practically be obtained with reasonable statistics. The simulations could explain however (at relatively low impact energies) the formation of craters and rims as observed at the surface of gold layers.
In the future, the size of the projectiles could be increased to a point where an important fraction of the energy is released through sputtering processes and it would be also interesting to explore the sputtering limit in terms of ejected matter per impact of large object. Beams of gold clusters containing up to 100 atoms were already accelerated to several tens of keV/atom. Large intact clusters and/or chunks of matter will certainly be emitted in the bombardment of solids with these beams. This probably occurs already with the beams of Au n used in this work and cluster emission should be considered in models. Measurements of the mass distribution of the sputtered species with a post-ionization method should thus be performed. Large enhancements of secondary ion emission yields were previously measured with gold clusters in the same incident energy range but with different types of materials. 30 The highest ion emission yields were also observed at much lower energy per atom than the expected maxima of the nuclear stopping. This behaviour seems to be a general trend in large cluster induced secondary emission. 
Faraday Cup
Beam Current
Removable quartz microbalance
Frequency variation
Au n + beam n= 1 to 13 
Sputtering Yield
Gold or Silver
